We report an aluminum nitride on insulator platform for mid-infrared (MIR) photonics applications beyond 3 μm. Propagation loss and bending loss are studied, while functional devices such as directional couplers, multimode interferometers, and add/drop filters are demonstrated with high performance. The complementary metal-oxide-semiconductor-compatible aluminum nitride offers advantages ranging from a large transparency window, high thermal and chemical resistance, to piezoelectric tunability and three-dimensional integration capability. This platform can have synergy with other photonics platforms to enable novel applications for sensing and thermal imaging in MIR. [29] , and rotation detection are realized on the AlN photonics platform [30] . Nevertheless, none of these AlN photonics devices is operating in the MIR beyond 3 μm. Extending AlN photonics to a longer wavelength will bring substantial advantages to MIR applications enabled by the superior properties of AIN.
investigated to develop a complete library for the MIR. These include silicon-on-insulator (SOI) [11] , silicon-on-silicon nitride [12] , silicon-on-sapphire [13] , germanium-on-insulator [14] , germanium-on-silicon (GOS) [15] , germanium-onsilicon nitride [16] , and silicon-germanium alloy (SiGe)-onsilicon (SGOS) [17] .
Aluminum nitride (AlN) is a CMOS-compatible material commonly used for microelectromechanical systems (MEMS). By virtue of its large bandgap of 6.2 eV, the AlN transparency window spans from 0.2 to 13.6 μm [18] . Apart from high thermal and chemical resistance for harsh environment applications [19] , AlN features a piezoelectric property for mechanical tuning [20] and a satisfactory Pockel's coefficient for nonlinear applications [21] . To date, various AlN photonics devices have been demonstrated such as waveguides [22] , directional couplers (DCs) [23] , grating couplers [24] , ring resonators [25] , and photonic crystals [26] . Applications ranging from secondharmonic generation [27] , electro-optic modulation [28] , acoustic wave modulated integrated resonators [29] , and rotation detection are realized on the AlN photonics platform [30] . Nevertheless, none of these AlN photonics devices is operating in the MIR beyond 3 μm. Extending AlN photonics to a longer wavelength will bring substantial advantages to MIR applications enabled by the superior properties of AIN.
In this Letter, we demonstrate the AlN on insulator (AlNOI) platform for the broad MIR wavelength range from 3.66 to 3.90 μm for the first time, to the best of our knowledge. The fabrication is done in an 8 in CMOS manufacturing line, indicating the feasibility of mass production and integration with electronics. The platform is studied by both material characterization and device performance characterization. Propagation loss and bending loss are nearly constant across the measured wavelength range. Multimode interferometers (MMIs), DCs, and add/drop filters are investigated. These devices exhibit high performance and low insertion loss. The potential applications and limitations of the presented AlNOI platform are discussed. This Letter demonstrates the feasibility of adopting an AlNOI platform for MIR beyond 3 μm and lays the foundations for novel applications in MIR integrated photonics.
The fabrication starts from an 8 in silicon (Si) wafer. The bottom cladding of 3.2 μm silicon dioxide (SiO 2 ) is deposited by plasma enhanced chemical vapor deposition (PECVD). The cladding is thinned to 3 μm by chemical-mechanical planarization to provide a smooth surface for AlN deposition. Subsequently, a device layer of 1.2 μm AlN is deposited by reaction DC magnetron sputtering, followed by SiO 2 hard mask deposition. Next, we pattern the SiO 2 hard mask using deep ultraviolet lithography, and transfer the patterns to the AlN device layer by deep reactive ion etching. 3 μm PECVD SiO 2 is then deposited as the upper cladding for passivation. Finally, a deep trench of more than 100 μm is formed for wafer dicing and fiber butt coupling. Figure 1 shows the material characterization results of the AlNOI platform consisting of 1.2 μm AlN thin film on 3 μm SiO 2 on Si. The single X-ray diffraction (XRD) peak at 36.04°across the XRD spectrum in Fig. 1(a) reveals that the AlN thin film is highly c-axis (002) oriented [31] . The inset shows a full width at half-maximum (FWHM) of 0.16°, indicating the supreme piezoelectric property of the AlN thin film which comes close to the epitaxially grown AlN [32] . The characteristic phonon modes E 2 high, A 1 T O, E 2 low, and A 1 LO are observed at around 659, 617, 249, and 888 cm −1 , respectively, which agrees well with the reported AlN Raman spectra [33, 34] . Figure 1(d) shows the Fourier-transform infrared spectroscopy (FTIR) transmittance spectrum of the AlNOI platform in 2-8 μm measured in ambient. No obvious transmittance dip is observed, except a small dip at around 4.2 μm caused by carbon dioxide absorption originated from ambient air. It serves to verify that AlN is transparent in 2-8 μm. The oscillation pattern is attributed to the multilayer interference, while the general decreasing trend in transmittance is explained by SiO 2 absorption.
The waveguide devices with a width of 2.25 μm are characterized by the setup shown in Fig. 2(a) . The light emits from the MIR laser, and passes through the half-wave plate and chopper before it is launched to a MIR fiber by a focal lens. The light is coupled to the device by end-facet butt coupling and received by an output fiber connected to the photodetector. The fiber device alignment is fine-tuned by two six-axis stages. The propagation loss is presented in Fig. 2 efficiency of taper with different tip widths is shown in Fig. 2(d) . In all tapers, the coupling loss increases as the wavelength rises due to a larger mode mismatch. At an individual wavelength, for instance, 3.66 μm without loss of generality, the coupling loss is highest when the tip width is 2 μm. As the tip width decreases from 2 to 1 μm, the coupling loss drops from −15 to −13 dB∕facet, since the inverse taper with a smaller tip provides higher coupling efficiency. As the taper width rises from 2 to 10 μm, the coupling loss keeps decreasing and reaches around −12 dB∕facet, because forward tapers also enhance the coupling efficiency. Although this suggests that inverse tapers with smaller tips may achieve higher coupling efficiency, a tip width less than 1 μm is difficult to fabricate due to the sloped sidewall. Therefore, in order to minimize coupling loss, wider forward taper should be designed with longer tapering length to ensure adiabatic tapering. The other solution is to use a grating coupler for higher coupling efficiency at the expense of a narrower bandwidth [35] .
In order to explore the functionality of the AlNOI platform, we investigate the performance of DCs, MMIs, and add/drop filters built on this platform. The schematics and optical images of the devices are presented in Figs Fig. 4(d) . At the wavelength range of 3.66-3.90 μm, different coupling efficiencies could be achieved in DCs with suitable L c . This contour map serves as a design guideline for DC in 3.66-3.90 μm built on the presented AlNOI platform.
Add-drop filters are also demonstrated. In an add-drop filter with a ring radius of 50 μm and gaps of 0.6 μm at both the through port and drop port, a free spectral range of 19.3 nm is obtained as shown in Fig. 4(e) . The peak at 3.682 μm is zoomed in with its result presented in Fig. 4(f ) for further analysis. The solid lines showing the Lorentzian fit of the data demonstrate Q factor of 1850 and 1979 at the through port and drop port, respectively, while extinction ratios (ERs) of ∼7 and ∼17 dB are achieved. Meanwhile, an insertion loss of around −1 dB is observed in Fig. 4(f ) . These data show the high quality of the AlN add-drop filter in MIR which could enable high-precision MIR sensing and wavelength-division multiplexing in MIR.
The AlNOI platform working in the MIR beyond 3 μm can bring many benefits. First, its prominent thermal and chemical resistance allow the platform to work in a harsh environment. We are developing other functional blocks, including nanocavities, slow light photonic crystal waveguides, and subwavelength structures to provide a full device library that complements the SOI counterpart [36] [37] [38] . Secondly, wafer-scale high-quality AlN thin film with c-axis orientation can be [39] . This suggests that the AlNOI platform cannot be a "solution-for-all" at present. It can be used in synergy with the SOI platform when SOI is used for long-distance transmission, and AlNOI for short-distance modulation. We are investigating theoretically and experimentally the solutions to lower the propagation loss in the AlNOI platform. Possible approaches include low-temperature annealing to further enhance the quality of the AlN thin film, replacing PECVD SiO 2 by TEOS SiO 2 or thermal SiO 2 for better cladding quality, and optimizing the etching process to achieve better sidewall smoothness and smaller slope. Furthermore, to fully utilize the AlN wide transparency window, a suspended membrane platform can be developed to prevent SiO 2 absorption loss [40] .
In conclusion, we report, to the best of our knowledge, the first AlNOI platform for MIR applications beyond 3 μm. Approximately constant propagation loss and bending loss are measured in the wavelength range of 3.66-3.90 μm. Functional devices, including DCs, MMIs, and add/drop filters are demonstrated with high performance. Prominent imbalance of 0.42 dB and insertion loss of −0.71 dB are achieved in 1 × 8 MMI splitter and cascaded MMI, respectively. A Q factor of around 2000 with ER 17 dB is demonstrated in an add/drop filter. AlN CMOS compatibility guarantees its bright future for low-cost and mass production. Its large bandgap makes it a potential candidate for broadband operation, while its thermal and chemical resistance allows it to work in harsh environments. The piezoelectric property and the lowtemperature growth capability create the potential for synergy between the reported AlNOI photonics platform and other material platforms. This further enables three-dimensional integration for MEMS-based photonics and the realization of novel applications in MIR sensing and thermal imaging.
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